Carbon nanotubes: Ballistic transport or room-temperature superconductivity? 
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We theoretically estimate the electron-phonon coupling constant A for metallic single-walled car- 
bon nanotubes with a diameter of 1.4 nm. The partial electron-phonon coupling constant for the 
hardest phonon mode is estimated to be about 0.0036, in good agreement with that deduced from 
Raman scattering data assuming superconductivity above room temperature. Assuming no super- 
conductivity, we estimate the room-temperature inelastic mean free path lep due to electron-phonon 
scattering to be about 0.46 fim, and the total room-temperature inelastic mean free path hn to be 
about 0.16 fj,m. We then argue that the electrical transport data of individual multi- walled nan- 
otubes cannot be explained by ballistic transport at room temperature but provide strong evidence 
for quasi-one-dimensional superconductivity above room temperature. 



Our recent articles have provided strong evidence for 
very high-temperature superconductivity in both single- 
walled and multi- walled carbon nanotubes . The 
mean- field superconducting transition temperatures Tco's 
for both single-walled nanotubes (SWNTs) and multi- 
walled nanotubes (MWNTs) can be higher than 600 K. 
It has also been shown that the non-zero on-tube resis- 
tance state below Tco in some individual nanotubes is 
caused by quantum phase slips (QPS) inherent in quasi- 
one-dimensional (quasi-lD) superconductors [^, as ob- 
served in ultrathin wires of conventional superconductors 
such as Pbin and MoGe The temperature depen- 
dence of the resistance in an individual SWNT or MWNT 
is very similar to that in the ultrathin wires of MoGe and 
can be naturally explained by the QPS theory [||. 

Remarkably, negligible on-tube resistances have been 
observed in a multi-walled nanotube bundle consisting 
of two MWNTs with a diameter d = 16 nm (Ref. 0), 
in an individual MWNT with d = 40 nm (Ref. §), in 
about 50 individual MWNTs 1^, as well as in a single- 
walled nanotube bundle consisting of two SWNTs with d 
— lA nm (Ref. |l^). These electrical transport data have 
been tentatively explained in terms of ballistic transport 
at room temperature. 

Here we theoretically estimate the electron-phonon 
coupling constant A for metallic single-walled carbon 
nanotubes with a diameter of 1.4 nm. The par- 
tial electron-phonon coupling constant for the hardest 
phonon mode is estimated to be about 0.0036, in good 
agreement with that deduced from Raman scattering 
data assuming superconductivity above room tempera- 
ture. We also estimate the room-temperature inelastic 
mean free path l^p due to electron-phonon scattering 
to be about 0.46 /im, and the total room-temperature 
inelastic mean free path l^n to be about 0.16 /im as- 
suming no superconductivity. We then argue that the 
electrical transport data of individual multi-walled nan- 
otubes cannot be explained by ballistic transport at room 



temperature but provide strong evidence for quasi-one- 
dimensional superconductivity above room temperature. 

We first make a theoretical estimate of the electron- 
phonon coupling constant for carbon nanotubes. Be- 
cause there are some common features in graphites, Cgo 
and carbon nanotubes, one could estimate the electron- 
phonon coupling constant A for the carbon nanotubes 
from the known A values of graphites and Cgo • It was ar- 
gued that |l^ curvature-induced hybridization in both 
Ceo and carbon nanotubes opens additional electron- 
phonon scattering channels that are not available to 
flat graphite sheets. Neglecting second-order effects, the 
electron-phonon pairing potential can be decomposed 
into two components, one of which is present in flat sheet, 
and the other arising from new scattering channels due 
to non-zero curvature. The pairing potential in Cgo is 
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where Ucurve is the curvature contribution to the pairing 
potential for a ball of radius of Ro ■ Since the contribution 
to the electron-phonon matrix element from new scatter- 
ing channels in single-walled nanotubes is half the size of 
the contribution in Cgo, one readily shows that |11 
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For doped Cgo, four independent calculations lead to 
a similar electron-phonon coupling constant [ p^ . The 
average electron-phonon coupling constant A = N{0)U 
from the four independent calculations is A = 0.40 as- 
suming that the density of states at the Fermi level A^(0) 
= 0.24 states per carbon atom per eV (Ref. |l^). The 
contribution from the hardest mode {huj = 197 meV) is 
A'' ^ 0.09 (Ref. [ID). Further, the coupling constant 
for doped graphites with A^(0) = 0.24 states per car- 
bon atom per eV is 0.25 (Ref. Substituting the 
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above values into Eq. 1 yields Ucurve — O.GUfiat- For 
SWNTs with R = 0.7 nm, N{0) = 0.015 states per car- 
bon atom per eV (Ref. The low density of states 
in the SWNTs implies a low electron-phonon coupling 
constant. Using Eqs. 1-2 and the relation R ~ 2Ro, we 
can easily show that the electron-phonon coupling con- 
stant for the 1.4 nm diameter SWNTs is a factor of / = 
24.7 smaller than that for doped Cgo. With this reduc- 
tion factor, we finally find that the total electron-phonon 
coupling constant for the 1.4 nm diameter SWNTs is 
A — 0.016, and the contribution to the electron-phonon 
coupling constant from the hardest phonon mode A'' = 
0.0036. 

The electron-phonon coupling constant for a particu- 
lar phonon mode could be estimated from the phonon 
self-energy effects due to superconducting pairing. The 
phonon self-energy effects due to superconductivity can 
lead to shifts in both the frequency and width of the 
phonon modes if the phonons are coupled to conduction 
electrons. Such phonon self-energy effects were clearly 
demonstrated in the high-Tf, cuprate superconductors 
| p^ , p^p6| . The width shifts of the Raman active phonon 
modes in 90 K superconductors RBa2Cu307_y (R is a 
rare-earth element) are in quantitative agreement with 
the theoretical calculation ffsl. 
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FIG. 1. The temperature dependence of the relative fre- 
quency shift for the hardest Raman active mode with huj — 
197 meV. The data are from R. Walter et al. at the University 
of North Carolina . The detailed procedure for obtaining 
Alli has been described in Ref. 

The phonon self-energy effects were also seen in the 
hardest Raman-active G-band {Utu = 197 meV) of single- 
walled carbon nanotubes with superconductivity above 
600 K (Ref. [||). In Fig. 1, we plot the temperature de- 
pendence of the relative frequency shift for the hardest 
Raman active mode with fiuj = 197 meV. The data are 
from R. Walter et al. at the University of North Carolina 
Wh- The detailed procedure for obtaining Ao; has been 



described in Ref. It is apparent that the frequency 
starts to shift down at 632 K, reaching to a minimum 
at T* = 370 K. Such a temperature dependence is sim- 
ilar to the calculated one where the frequency starts to 
decrease below 0.95Tco and reaches a shallow minimum 
at about 0.6Tco (see Fig. 8 of Ref. in the case of 
?iti;/2A(0) = 0.88, where A(0) is the gap at zero temper- 
ature). The shallow minimum in the frequency shift is 
related to a sharp minimum in the real part of the po- 
larization n(ti;,r), which occurs at huj/2A{T*) = 1.05 
for strong coupling and at ?icj/2A(T*) = 1.0 for weak 
coupling |l^Jl^. The weaker the coupling, the sharper 
the minimum in the real part of the polarization , and 
thus the more pronounced the minimum in the frequency 
shift. If we assume weak coupling and take Tco = 660 
K (because 0.95rcO = 630 K), we obtain T* = 0.57rcO, 
and thus A(T*) = 0.93A(0) from the BCS theory. Then 
2A(0) = 1.07[2A(T*)] = imhuj = 210 meV, in excel- 
lent agreement with that deduced from the independent 
tunneling spectrum 

We can evaluate the contribution to the electron- 
phonon coupling constant from the hardest phonon mode 
A'' using a relation |jl|l: Auj/lu = 0.5A'*Ren/iV(0). The 
theoretical calculations (l^Jl^ suggest that Ken/N{0) ~ 
—2 at T* — O.STcO for strong coupling, and that 
Ren/iV(0) becomes more negative when the coupling 
decreases. Therefore, we may expect that the value of 
Ren/iV(0) should be in the range between —2 and —3 at 
T* — 0.56Tco for weak coupling. Then we obtain A'* = 
0.0037-0.0056, which is consistent with the theoretical es- 
timate above. This consistency suggests that the unusual 
temperature dependence of the frequency for the hard- 
est phonon mode of the single- walled nanotubes is indeed 
related to superconductivity above 600 K, and that the 
theoretically estimated coupling constant A is reliable. 

From the values of the total coupling constant A and 
the Debye temperature 9d, we can now calculate the in- 
elastic electron-phonon scattering time Tep using an equa- 
tion ioli 



= 24.C(3)^^^. 
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where ^(3) = 1.2 and is the temperature of electrons. 
Usually, the value of is about \.2huj\n/kB (Ref. pl[). 
With fiuJxn/kB =1400 K (Ref. Q), we have Bd = 1680 
K. Substituting Te = 300 K, A = 0.016, and On = 1680 K 
into Eq. ||, we obtain Tf,p = 0.56 ps at room temperature. 

On the other hand, the room-temperature electron- 
phonon scattering time r^p = 18 ps was estimated from 
the measured time dependence of electron temperature 
Te(i) (Ref. 1 22 1). This value is larger than the above theo- 
retical estimate by a factor of about 30. The recent work 
by the same group |2^ appears to indicate that r^p is 
much smaller than their previous estimate and that the 
value of Ten depends strongly on the data sets. In fact, the 
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ways to determine r^p in Rcf. |Q and Ref . are not ro- 
bust. In Ref. the authors fit their high-temperature 
data (> 400 K) with a formula that is only valid at low 
temperatures (Tg << Ou)- Accordingly, the value of r^p 
deduced from the fit to the high-temperature data is ob- 
viously unreliable. On the other hand, the data analysis 
in Ref. [ p2[ may be justified if there were no supercon- 
ductivity in those nanotubes. The basic idea in the data 
analysis of Ref. is that, if there is no superconduc- 
tivity, Tep is inversely proportional to Qq and qo is related 
to T^{t) by dTjdt (X [7V(0)go]VC'e (Ref. H), where C'e 
is the normal-state electronic specific heat and qq is the 
relative change of the nearest-neighbor hopping integral 
7o with respect to lattice distortion. Assuming A^(0) is 
equal to a theoretically predicted value, Hertel and Moos 
III deduced go = 0.8 A"! from the data of Te{t) in the 
temperature range of 500-700 K. This deduced value of 
go is about three times smaller than the calculated one 
(2.5 A^i) that was confirmed by an independent experi- 
ment on a graphite-related compound . There are no 
reasons to believe that go for carbon nanotubes should 
be smaller than for other graphite-related materials since 
this quantity is determined by the local chemical bonding 
that should remain unchanged in graphite-related mate- 
rials. 

This apparent discrepancy can be resolved if one as- 
sumes that the SWNT rope may exhibit superconductiv- 
ity above 600 K, as demonstrated from many other inde- 
pendent experiments In the superconducting state, 
one may expect that dTe/dt oc [Nsgo]'^ /Ces, where Ns and 
Ces are the quasi-particle density of states and the elec- 
tronic specific heat below Tco, respectively. According to 
the BCS theory, A''^ /Ces is much smaller than its counter- 
part [A(0)]^/Ce in the normal state, and goes to zero at 
zero temperature. This is because for 0.5Tco<T<0.9Tco, 
Ns is much smaller than A^(0) and Ces > Ce, while for T< 
0.2Tco both NM)) and Ces tend to zero so that N^/Ces 
tends to zero |2^. Just slightly below Tco, ^(0) and 
Ces = 2.43Ce such that N^/Ces^ (l/2.43)[Ar(0)]VCe. 
This scenario can naturally explain why dTe/dt tends to 
zero even when Te is higher than the lattice tempera- 
ture by more than 100 K (see Fig. 3 of Ref. [|||). In 
fact, the initial slope dTe/dt at Te~ 730 K (see Fig. 3 of 
Ref. H) is consistent with T^o ~ 730 K and go ~ 2 A"!. 
If we use Tco — 730 K and go — 2 A~-^, we find that the 
data in the whole temperature range can be well fitted 
by Ns{T) = 2N{0)/{eMMT)/kBT] + 1). 

By taking go = 2.5 A~^, 70 = 2.5 eV, and using Eq. 28 
of Ref. |26j , we find that the room-temperature electron- 
phonon scattering time due to the longitudinal acous- 
tic phonon is 1.05 ps. Considering the contributions of 
the electron-phonon scattering from other phonon modes, 
one expects that the total Tep < 1.05 ps, in agreement 
with the independent theoretical estimate above. 

With vp = 8xl0^m/s (Ref. ^^), the room temper- 



ature inelastic mean free path due to electron-phonon 
scattering is lep = 0.46 fim. Since lep is inversely propor- 
tional to the density of states per carbon which in turn 
is itself inversely proportional to the tube diameter, Igp 
is proportional to d, 

lep = 0.46^ (Aim). (4) 

where do = 1.4 nm. 

We now discuss the electrical transport of carbon nan- 
otubes. The scattering properties of the metallic sub- 
bands (the central two subbands of metallic tubes) and 
the semiconducting subbands (the bands that do not 
cross the Fermi level of undoped metallic tubes) are very 
different. It was shown that the electron backscatter- 
ing from a single impurity with long range potential is 
nearly absent in metallic subbands while this backscat- 
tering becomes significant for semiconducting subbands 
pTf . When the Fermi level crosses the semiconducting 
subbands in doped metallic SWNTs, one should expect 
that the two metallic subbands provide the main con- 
tribution to the electrical transport. Indeed, the elastic 
mean free path lei for individual metallic SWNTs with d 
= 1.4 nm was theoretically estimated to be about 3 /im, 
implying a possibility of ballistic transport |2^ . 

On the other hand, the situation in multi-walled nan- 
otubes becomes much more complicated. The chiralities 
of different shells constituting a MWNT play an impor- 
tant role in electrical transport. If several shells have 
the same chiral angle, their periodicities along the nan- 
otube axis are commensurate. If chiral angles of different 
shells are varied, their periodicities are incommensurate, 
which should be case in real systems . In the absence 
of defects, the intershell coupling allows the electron to 
spread over several shells, and when their periodicities 
are incommensurate, the electrical transport is theoreti- 
cally shown to be non-ballistic . Only if all the shells 
are commensurate, which is very unlikely in real mate- 
rials, can ballistic transport be a possibility |9j. How- 
ever, defects and disorders are inevitable in real mate- 
rials. The electron backscattering is shown to be much 
more pronounced in a MWNT which consists of commen- 
surate metallic chirality shells than in a MWNT with 
alternating metallic and semiconducting chirality shells 
pTf . Therefore, electrical transport in MWNTs should 
not be ballistic unless there are no defects and at least 
two adjacent shells have the same metallic chiral angle. 

Although the probability of producing a defect free 
MWNT which has more than two adjacent shells with 
the same metallic chiral angle is low, we could calculate 
the resistance per unit length at room temperature for 
a model MWNT where the number of outermost adja- 
cent layers with the same metallic chiral angle is N,n- At 
most, Nm outermost shells have an infinitely long elastic 
mean-free path so that the total mean free path in each 
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of these shells is equal to the inelastic mean free path. 
Considering that shells mainly contribute to electri- 
cal transport due to the fact that the transport in other 
incommensurate shells is non-ballistic, the resistance per 
unit length of the model MWNT at room temperature is 
then given by fO] 



R _ Rq 



2N„J., 



(5) 



where Rq — h/2e'^ = 12.9 kfl, Since there are inelastic 
electron-electron, electron-plasmon, and clcctron-phonon 
scattering, we expect that h 
above inequality, we find 



< lep- Using Eq. ^ and the 
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In Fig. 2, we plot the calculated lower limits of the 
room-temperature R/L as a function of d for Nm = 1, 
3, and 10 in the case of nonsuperconducting transport. 
The upper limits of the measured R/L are also included 
in Fig. 2 for comparison. These two data are taken from 
Refs. H,^. In Ref. extensive transport investigations 
have been carried out on MWNTs with diameters rang- 
ing from 5 to 25 nm. These MWNTs which protrude 
from unprocessed arc produced nanotube fibers and are 
contacted with liquid metals show small per unit length 
resistances R/L < 100 il/fim at room temperature. For 
example, R/L =14 fl/^im for a MWNT with d ~ 20 
nm. In Ref. a reliable technique of making ideal 
Ohmic contacts on MWNTs was developed to study elec- 
trical transport in individual MWNTs. It was found that 
the on-tube room temperature resistance per unit length 
R/L <0.5 n/iim. for a MWNT with d = 40 nm. 
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FIG. 2. The calculated lower limits 

of the room-temperature R/L as a function of d for Nm ~ 
1, 3, and 10, in the case of nonsuperconducting transport. 
The upper limits of the measured R/L are also included for 
comparison. These two data are taken from Refs. 



From Fig. 2, one can clearly see that the measured re- 
sistance per unit length at room temperature is even far 
below the calculated lower limit for N„i = 10. Since the 
probability of producing a defect free MWNT which has 
10 outermost shells with the same metallic chiral angle 
is nearly zero, the electrical transport data reported in 
Refs. 1^,^ cannot be explained if MWNTs were not room 
temperature superconductors. Since the periodicities for 
the majority of MWNTs should be incommensurate and 
non-ballistic in real world |^9[] , it is very difficult to un- 
derstand how such small per unit length resistances {R/L 
< 100 n/ iim) at room temperature in the majority of the 
MWNTs studied § could arise if the MWNTs were not 
room temperature superconductors. 
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FIG. 3. Temperature dependence of the resistance for a sin- 
gle-walled nanotube with d = 1.5 nm. The data are extracted 
from Fig. la of Ref. at zero gate voltage. 

The calculated curves in Fig. 2 are the lower limits of 
R/L since we have only considered the contribution from 
electron-phonon scattering, which is very weak and can- 
not lead to high-temperature superconductivity. In fact, 
electron-plasmon coupling in quasi- ID systems is strong 
and could result in superconductivity as high as 500 K 
pO| . We can estimate the total room-temperature inelas- 
tic mean free path from electrical transport data assum- 
ing no superconductivity. Fig. 3 shows the temperature 
dependence of the resistance for a single-walled nanotube 
with d = 1.5 nm. The data are extracted from Ref. 
The distance between the two contacts is about 200 nm 
and the contacts are nearly ideal with the transmission 
probability of about 1 Q. From Fig. 3, we can see 
that the resistance increases with increasing temperature. 
The temperature dependent part of the resistance should 
arise from the inelastic scattering if there were no super- 
conductivity. Then we find that the room-temperature 
resistance per unit length due to inelastic scattering is 
about 40 kO//xm (the difference between the resistance 
at room-temperature and the one at zero temperature). 
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Substituting this value into Eq. |^ yields Im — 0.16 /im 
at room temperature. With such a short inelastic mean 
free path at room temperature and using Eq. 5, one finds 
that the on-tube resistance at room temperature across 
a length of 1 //m would be larger than 20 kfl for a SWNT 
bundle that consists of two coupled SWNTs . This is 
in sharp contrast with a negligible on-tube resistance (<3 
kfl) observed in this bundle The more plausible ex- 
planation is that the metal-like temperature dependence 
of the resistance shown in Fig. 3 is not caused by inelas- 
tic scattering but is associated with the quantum-phase 
slips, as discussed in Ref. The Josephson coupling 

between two SWNTs suppresses quantum phase slips and 
reduces the resistance of the bundle to a value that is 
remarkably smaller than the sum of the individual resis- 
tances. 

Quantum-phase slip theory Q can also naturally ex- 
plain the semiconductor-like behavior below room tem- 
perature in individual MWNTs that are lithographi- 
cally contacted The lithographically contacted 
MWNTs may contain high density of defects or imper- 
fections which are introduced through purification and 
other processing steps ^ . Defects and disorders enhance 
quantum-phase slips and the localization of Cooper pairs, 
which would lead to a semiconductor-like temperature 
dependence of the resistance below Tco (Ref. [3^J^). 

In summary, we theoretically estimate the electron- 
phonon coupling constant A for metallic single-walled 
carbon nanotubes with a diameter of 1.4 nm. The 
partial electron-phonon coupling constant for the hard- 
est phonon mode is estimated to be about 0.0036, in 
good agreement with that deduced from Raman scat- 
tering data assuming superconductivity of about 700 K. 
Assuming no superconductivity, we estimate the room- 
temperature inelastic mean free path l^p due to electron- 
phonon scattering to be about 0.46 /xm, and the to- 
tal room-temperature inelastic mean free path to be 
about 0.16 /Ltm. We further demonstrate that the electri- 
cal transport data of individual MWNTs cannot be ex- 
plained by ballistic transport at room temperature but 
instead provide strong evidence for quasi- ID supercon- 
ductivity above room temperature. 
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